polarity factor, tea1p, is present on microtubule plus ends and cell tips [1] . Results: Here, we characterize S. pombe bud6p/fat1p, a homolog of S. and tea1p localization is not bud6p dependent. tea1⌬ and bud6⌬ cells generally grow in a monopolar manner but exhibit different growth patterns. tea1⌬bud6⌬ mutants resemble tea1⌬ mutants. Tea1p and bud6p coimmunoprecipitate and comigrate in large complexes.
Background end) at a transition named "new end take off" (NETO). This transition requires that cells grow to a minimum cell One emerging theme in cell biology is that actin and size and complete S phase [9] . Interphase microtubules microtubule cytoskeletons must interact in numerous celare organized in bundles with an antiparallel configuration lular processes such as cell locomotion, cell polarity, cytoso that dynamic plus ends face both cell tips [10] [11] [12] . kinesis, and spindle orientation [2, 3] . In some of these Generally, MTs grow toward the cell tip, contact it for processes, microtubules (MTs) direct the spatial organizaabout 100 s, and then shrink back to the middle of the tion of the actin cytoskeleton. In migrating fibroblasts, cell. These MTs position the nucleus by a pushing mechaplus ends of microtubules face the leading edge and are nism and are not involved in dynein-dependent MT pullrequired for organizing the spatial distribution of F-actin ing mechanisms [10, 13] . Mutants with abnormal microtuassembly at the lamellipodia [4] . The disruption of microbules exhibit abnormal cell polarity and cell division tubules can disrupt spatial organization, for instance causpatterns, and in a manner similar to neurons treated with ing neurons to grow branches or migrate in inappropriate antimicrotubule drugs, often develop branched or bent directions [5] [6] [7] . During cytokinesis, microtubules associmorphologies [6, 12, 14] . F-actin is required for polarized ated with the mitotic spindle appear to specify the site cell growth and is localized in the form of actin patches of contractile ring assembly and cell division [8] .
and cables at the growing cell tips [15] . The role of MT plus ends in cell polarity has been highlighted by the Fission yeast is a useful model system for studying the finding that tea1p, a protein involved in cell polarity, is molecular mechanism of how microtubules direct actinlocated on the plus ends of interphase MTs [1] . tea1⌬ based processes. In fission yeast (but not in budding cells still exhibit polarized growth, but grow only in a yeast), the spatial regulation of polarized cell growth and monopolar fashion, and under certain conditions, grow cell division are dependent on both microtubules and into bent, branched, or "T" shapes. Tea1p is located at actin. After cell division, a wild-type cell initially grows both cell tips, including nongrowing cell tips, and along only at the previous end (the "old" end), and in G2 phase, the sides and ends of MTs. Tea1p localization to cell tips is dependent on MTs and other MT end factors, tea2p initiates growth at the previous division site (the "new" (a kip2-like kinesin) and tip1p (a CLIP170-like protein), and is not dependent on F-actin [1, 16, 17] . These findings suggest a model whereby tea1p is constantly deposited by plus ends of MTs at the cell tips, where it may function to establish cell polarity.
S. cerevisiae Bud6/Aip3 has been implicated in numerous aspects of cell polarity, including bud site determination, spindle orientation, actin organization, and Ash1 mRNA localization [18] [19] [20] [21] [22] . Sc Bud6 is located in a cortical cap at the bud tip and also at the cell division ring. Sc Bud6 is a member of a polarizome complex with Spa2 and Pea2, and has been shown by two-hybrid analysis to interact with actin and the formins Bni1 and Bnr1 [19, [23] [24] [25] [26] . S. pombe bud6p (also known as fat1p) was identified from the S. pombe genome database on the basis of its homology to Sc Bud6/Aip3p [27] . (For simplicity, we will refer to these proteins as Sc Bud6 and Sp bud6p). A functional chimera of Sp bud6p with Sc Bud6 suggests that at least portions of these proteins are functionally conserved [27] . A C-terminal region (amino acids 873-1221) of Sp bud6p also has significant (e ϭ 10 Ϫ4 ) similarity to Rho kinases in a central region of Rho kinase separate from the Rho binding or kinase domains (our unpublished data). Here, we find that Sp bud6p is required for the efficient establishment of cell polarity at the previous cell division site. We show that bud6p is an actin-associated protein that interacts with and functions downstream of tea1p, a factor found on the ends of microtubules. Thus, these studies reveal the beginnings of a pathway by which microtubule ends function to polarize the actin cytoskeleton.
Results

bud6⌬ mutant cells have a defect in the establishment of cell polarity
Cells with a deletion of the bud6 ϩ gene were generated using a PCR-based approach (see Materials and methods) [28] . bud6⌬ mutants were viable and grew at wild-type rates. bud6⌬ cells exhibited normal rod cell shapes and cell division patterns. The only apparent defect in these bud6⌬ mutants have a defect in the establishment of cell growth at mutant cells was in the pattern of cell growth during the new end. (a) Wild-type and bud6⌬ cells were grown to exponential phase at 30ЊC and stained with calcofluor, which stains interphase (Figure 1a,b) . Cell growth patterns were asthe septum brightly and the cell wall less so. Areas of previous cell sayed by calcofluor staining, which stains the cell wall divisions (birth scars) are marked as dark bands. New end growth and septum. Regions of previous sites of cell division was measured as the length between the most recent birth scar and the cell tip. Cells with a septum were assayed in order to determine (birth scars) are not stained by calcofluor and appear as the total new end growth in the previous cell cycle. Arrows point dark bands [9] . New end growth is represented by a bright to zones of new end growth in a wild-type cell (upper left) and no region beyond the dark band, which represents growth new end growth in a bud6⌬ cell (upper right). Four pairs of isogenic at the new end (see Figure 1a , left cell, arrows). Cells wild-type and bud6⌬ strains in two different strain backgrounds were assayed (n ϭ 376, 379 cells total). Average Ϯ SD new end growth lengths of the four strains are presented in the histograms. (b) cdc11 bud6⌬ forms abnormal "T" cell shapes. ure 4). Lineage analysis showed that the fact that 50% of cells showed a NETO defect was not due to a defect in one of the two daughters, but may arise from a more complicated lineage or stochastic process. This NETOdefective phenotype was found in multiple independently derived bud6⌬ mutant strains, in multiple backgrounds, and was linked with the bud6⌬ locus in genetic crosses. Thus, bud6⌬ mutants have a specific defect in establishing growth at the previous cell division site.
Another assay for cell polarity defects was to examine the effect of bud6 ϩ in a temperature-sensitive septation mutant, cdc11-123 [29] . When shifted to a restrictive temperature, cdc11 mutants cease to septate, and accumulate as rod-shaped cells with multiple nuclei (Figure 1b) . Double mutants of cdc11 with tea1⌬ or pom1⌬ form T-shaped or bent cells at 36ЊC [1, 30] . Almost all cdc11 bud6⌬ cells became T-shaped or bent after 4 hr at 36ЊC (86% of cells; n ϭ 200; Figure 1b ). T-shaped cells were not observed in the cdc11 or bud6⌬ single mutants. In addition, at 25ЊC, 25% (n ϭ 100) of cdc11 bud6⌬ cells were bent. Two hours after a shift to 36ЊC, 76% of cells (n ϭ 200) were T-shaped, and many of the T-shaped cells had a single nucleus, suggesting that these cell shape defects may not be solely attributable to cell division defects. These bud6⌬ cdc11 cell shape phenotypes are highly reminiscent of tea1⌬ mutant phenotypes under various conditions, suggesting that bud6p and tea1p have related functions in cell poLocalization of bud6-GFP to cell tips and the cytokinesis ring. Bud6-GFP cells were imaged for GFP fluorescence using widefield (a,c) larity. . Thus, the lack of cytoskeletal defects suggests that bud6p has a primary role in the regulation of cell polarity NETO defect was also confirmed by FITC-lectin staining and direct time lapse observation of cell growth (see Fig- and not in cytoskeletal organization. Bud6p is an actin-associated protein localized at sites of cell polarity and division
The localization of bud6p was examined using a C-terminal bud6-GFP fusion protein made by the targeted insertion of a GFP-kanMX cassette into the bud6 ϩ gene on the chromosome. This construct was at least partially functional, as these cells expressing bud6-GFP as their only bud6 protein did not exhibit a NETO defect. However, cells were slightly elongated but had no significant growth rate defect, suggesting a possible minor disturbance in cell cycle progression. An N-terminal bud6-GFP fusion showed an identical localization pattern and also produced slightly elongated cells.
Bud6-GFP was localized at both cell tips and at the medial cell division site. During interphase, bud6p was located in a crescent of dots at the cortex of both cell tips (97% of separated interphase cells, n ϭ 178; Figure 2a , cell 1; Figure 2b , panel a). This localization is similar to that of other cell tip markers such as tea1p [1] . During early mitosis (prior to anaphase), bud6p was not present at the cell ends but was located in a broad, punctate cortical band overlying the nucleus (Figure 2b , panel b) and in a discrete single medial ring (Figure 2b , panel c). In late mitosis, bud6p was present in a medial double ring ( Figure  2b , panel d). These patterns and their timing are similar to those of the mid1p broad band [31, 32] , the actin medial band [15] , and the septin double rings (our unpublished be present at both the growing and nongrowing cell tips. cable-like structures and vesicles (see Figure 2b) , which may be due to background fluorescence from mitochondria and vacuoles, respectively. The distribution of bud6-GFP at the cell tips supports the role of bud6p in cell cated on the sides of cells (Figure 3d ). To disrupt microtupolarity.
bules, we used the anti-microtubule drug MBC (methylbenzidazole-carbamate). Although thiabendazole (TBZ) Bud6p was tested for association with the actin and microhas been used commonly as an anti-microtubule drug in tubule cytoskeletons. Time lapse movies showed that fission yeast in the past, it has recently been shown to bud6-GFP dots at the cell tips were dynamic, with the have effects on cell polarity that are separate from its pattern of these dots changing every 5 s time frame (Figeffects on microtubules (K. Sawin, personal communicaure 3a; Supplementary movie 3). It was not possible to tion). Treatment of cells with MBC led to the complete follow individual dots, and thus we could not ascertain disruption of interphase MTs (data not shown). After 30 whether these dots were moving or quickly appearing and min of MBC treatment, bud6-GFP dots were still localdisappearing. Latrunculin A (LatA) is a potent anti-actin ized normally at the cell tips and were still motile (Suppledrug that leads to complete depolymerization of the actin mentary movie 5). Even after 90 min of MBC treatment, cytoskeleton in about 1-2 min [33, 34] . After treatment practically all interphase cells still exhibited bud6-GFP of bud6-GFP cells with 200 M LatA for 5 min, bud6-at both ends of the cell. These studies show that the GFP dots were still localized at the cell tips, but were no maintenance of bud6p localization at the cell tips and longer motile (Figure 3b; Supplementary movie 4) . After bud6p dynamics were dependent on the actin cytoskeleton but not on the microtubule cytoskeleton. 30 min, bud6p was delocalized in large clumps often lo- Interaction of bud6p with the microtubule-associated bud6p are dependent on each other. Bud6-GFP distribupolarity factor tea1p tion was abnormal in a tea1⌬ cell. Instead of being localBoth phenotypes and similar localization patterns sugized at both cell tips, bud6-GFP was generally located at gested that tea1p and bud6p might share common funconly one of the cell tips (88% of separated interphase tions in cell polarity. We compared the patterns of cell cells, n ϭ 75). Calcofluor staining showed that bud6-GFP growth in bud6⌬ and tea1⌬ mutants after cell division was located only at the growing cell tip (93% of separated using time lapse microscopy. After cell division in bud6⌬ interphase cells, n ϭ 118). Bud6-GFP localization in tea1⌬ mutants, both daughter cells initiated cell growth at the mutant cells was normal at the different ring structures old ends (92% of cases; Figure 4 ; Supplementary movie 6), and at the new end immediately after cell division (Figure consistent with our analysis of calcofluor staining patterns 5). Bud6-GFP was present at the new ends or both ends (Figure 1 ). In contrast, tea1⌬ mutants, which also grew in of cells prior to cell-cell separation ( Figure 5 ), but was a monopolar manner, exhibited a very different pattern:
absent from the new end in many cells after cell-cell in 90% of cases, one daughter cell grew at an old end, separation. These localization patterns suggested that in and the other daughter grew from the new end (Figure the cells that grew only at the old end, bud6-GFP was 4; Supplementary movie 7; M. Arellano and P. Nurse, initially present at the new end, but then was lost at the personal communication). In the remaining cases, both time of cell-cell separation. Time lapse movies of bud6-daughters grew at the new ends. To examine the relation-GFP were consistent with this redistribution (our unpubship between tea1p and bud6p, we constructed a tea1⌬ lished data). Thus, tea1p may be required for the maintebud6⌬ double mutant. tea1⌬ bud6⌬ mutant cells resemnance of bud6p localization at the nongrowing end. Tea1p bled tea1⌬ cells in terms of growth rates, cell shape, and is located in wild-type cells at the cell tips, along MTs, cell growth pattern (Figure 4; Supplementary movie 8) .
and at the tips of MTs [1] . Tea1p staining at these locaThe fact that tea1⌬ bud6⌬ mutant cells grew efficiently tions was not perturbed in bud6⌬ mutant cells. Therefore, at one of the new ends suggested that bud6p does not bud6p is not required to localize tea1p. These results play an essential structural role in new end growth but suggest that bud6p functions downstream of tea1p. rather may be part of a regulatory network. These mutant phenotypes suggest that tea1p and bud6p function in a
We tested whether bud6p is associated with microtubules. common regulatory pathway and that tea1p may function Dual imaging of bud6-YFP and tubulin-CFP showed that in an additional pathway(s) that does not require bud6p.
some bud6p dots were associated with MT ends at cell tips. 62% of MT ends at the cell tips were associated We next tested whether the localization of tea1p and MTs examined, the MT tip was associated with a discrete bud6-YFP dot (Figure 5c ). These instances were often seen in cells early in the cell cycle, which have a lower density of bud6-YFP dots. In the remaining 39% of cells, MT plus ends at cell tips were not associated with bud6-YFP, and in fact were often located in a specific gap cleared of bud6p. Except for the very occasional cell (2/145 cells), bud6-YFP was not associated with MT ends in the interior of the cell. These findings are consistent with a model in which tea1p on an MT end interacts in a transient manner with bud6p at the cell tip.
Finally, we tested whether bud6p is physically associated with tea1p. Bud6p tagged with a C-terminal HA epitope was functional and expressed at endogenous levels. Bud6-HA was present in soluble fractions and fractions insoluble to both detergent and salt (data not shown). From soluble detergent-treated extracts of bud6-HA yeast cells, bud6-HA and tea1p were immunoprecipitated together using an anti-HA antibody (Figure 6a, lane 5) . Immunoprecipitation of tea1p was dependent on the presence of the HA epitope fused to bud6p (lanes 5,6). These results were obtained in three separate experiments. Differences in bud6-HA protein levels and mobility seen in the tea1 ϩ and tea1⌬ extracts (Figure 6a, lanes 1,3) were due to protein degradation in the extract and were not present in extracts boiled in sample buffer immediately upon preparation (data not shown). The polyclonal anti-tea1 antibody was not capable of immunoprecipitating tea1p or bud6p (data not shown). To further test the association between these proteins, we fractionated yeast extract on a velocity sucrose gradient. Western blotting of gradient fractions showed that tea1p and bud6-HA comigrated in at least three distinct complexes of approximately 19S, 45S, and 75S. These results are consistent with a previous finding that tea1p is in a 1000 kDa complex on a gel filtration column [1] . These immunoprecipitation and gradient results show that tea1p and bud6p associate together in multiple, large complexes. Tea1p and bud6p are required to establish polarized at the cell tip was associated with a discrete spot of bud6-YFP growth at a naïve cell tip that has never grown before. In a tea1⌬ mutant, bud6p is not maintained at one of the new cell ends, and the cell does not grow at that end. In a bud6⌬ mutant, even though tea1p is localized, cells do not efficiently initialize growth after cell division at new with bud6-YFP (n ϭ 260 MTs, 145 cells). Although this ends. Bud6p may function downstream of tea1p, in that colocalization was not surprising in cases where bud6-YFP was spread throughout the cell tip, in 30% of the tea1p is required to recruit bud6p to a new end. Common localization patterns, localization dependence, immunowhen in the cell cycle these factors need to act. An apparently paradoxical result is that while bud6p localization precipitation, and sucrose gradient fractionation all suggest that bud6p and tea1p associate in large complexes was tea1 dependent, it was not disturbed by anti-microtubule drugs. One plausible explanation is that tea1p may in the cell, although it is not known whether these proteins interact directly. Tea1p is a microtubule end-associated retain some partial function even in the absence of microtubules. Another explanation is that MTs may be required factor, whereas bud6p is an actin-associated protein, as bud6p localization (at least its maintenance) and motility initially in this process, possibly even during the previous cell cycle(s), but are not required for the maintenance of are dependent on F-actin and not microtubules. Thus, these studies define a link between microtubule-and bud6p localization. While bud6-GFP localization could be assayed in cells without tea1p, it was not possible to actin-associated factors in the establishment of cell polarity.
assay the effects of microtubule inhibition through many cell cycles, as microtubules are also required for mitosis and cell cycle progression. A current model is that tea1p is delivered to the microtubule plus ends by the kinesin tea2p, the CLIP170-like protein tip1p, and possibly the EB1 homolog mal3p (FigAlthough bud6p is the first protein shown to physically associate with tea1p, it is likely that tea1p and bud6p ure 7) [16, 17, 35] . Microtubule plus ends grow to the cell tip and may deposit tea1p there. Tea1p may then recruit function to initiate cell polarity in conjunction with other downstream proteins, possibly in these large complexes. polarity factors including bud6p that ultimately initiate cell growth and polarization of the actin cytoskeleton (Figbud6 ϩ , to our knowledge, is the first gene with a specific role in NETO. Several other genes required for NETO ure 7). As the mutants have different growth patterns, tea1p may have additional downstream targets, perhaps have been identified, but they have additional or conditional phenotypes, such as general polarity defects (a PAK at different cell tips. One aspect that is still not clear is These studies reveal programs of cell polarity regulation that may be analogous to bud site selection programs in budding yeast and are likely to be relevant to mechanisms of regulated cell polarity during development in larger eukaryotes. In both budding and fission yeasts, these programs are required for controlling the placement of cell polarity zones rather than being responsible for polarity itself. As in budding yeast, different growth patterns (Figure 4) suggest that fission yeast regulate potential sites of cell growth at the cell ends and previous cell division sites. Localization of proteins such as bud6p at cell tips and division sites illustrates the functional linkage be- proteins suggests that these processes may share some or cell cycle defects (wee1 ϩ ) [9, 36, 37] . Other monopolar similar molecular mechanisms [18] . Thus, our studies inmutants, such as tea1 and pom1, grow at either new or old dicate that polarity mechanisms identified in budding ends (Figure 4) [30] . pom1p is a protein kinase with many yeast may be utilized in other organisms for MT-based common mutant and microtubule localization properties, cell polarization. like tea1p [30] . Tea1p localization is not dependent on pom1p, but pom1p localization at the cell tips is dependent on microtubules and tea1p, but not on actin. In Bud6-like proteins have now been implicated in two types budding yeast, Bud6 is thought to associate with Spa2, of MT-actin interactions. In budding yeast spindle posiPea2, Bni1, and actin; Bni1 may associate with factors tioning, microtubules are pulled to the bud neck or bud such as profilin and Cdc42 to initiate actin polymerization tip in a process dependent on actin and bud6p [20] . It is [23] . We have identified S. pombe homologs of Spa2 and not yet clear whether Sc Bud6 has a primary role in this Bni1 and find that these also have roles in cell polarity process in actin organization or in the interaction with and are located at cell tips (B. Feierbach, J.G., and F.C., factors on the ends of MTs [42] . A comparison of these MT-actin interactions suggests that although these prounpublished data). In fibroblasts, regrowth of MTs has Triton were centrifuged at 14K in a microfuge for 15 min to obtain a HA strains were performed using a PCR-based approach [28] with low-speed supernatant extract. In each immunoprecipitation sample, 50 kanMX-based templates and 100-mer oligonucleotides with 80 bp hol low-speed extracts, 200 l cxs buffer, and 1 l antibody were incumologies to the bud6 ϩ gene. YFP-kanMX was obtained from the Yeast bated together on ice for 1 hr and then incubated with protein A beads Resouce Center at the University of Washington. For bud6⌬, initial for 1 hr. Beads were quickly washed twice with 0.2 ml cxs buffer with deletions were generated in diploid strains and then sporulated to pro-0.1% Triton, and boiled in sample buffer. Samples were loaded onto duce viable bud6⌬ haploid spores. Subsequent deletions and insertions 6% SDS-PAGE gels for Western blotting, as above. were performed in haploid strains. Deletion and insertion strains were confirmed by PCR to check for insertion of the kanMX cassette at the
Note added in proof
proper locus. Deletion strains were further checked by PCR for the loss There is a concurrent paper in press that characterizes the function and of the bud6 ϩ DNA sequence.
localization of this same gene product: Jin H, Amberg DC: Fission yeast Aip3p (spAip3p) is required for an alternative actinActin staining was performed using AlexaFluor 488-phalloidin (Molecular directed polarity program. Mol Biol Cell 2001, in press. This paper Probes). GFP-tubulin dynamics were examined in cells transformed with demonstrates that Sp bud6p is a functional homolog of Sc Bud6 and pDQ105 (gift from Y. Hiroaka). MBC (Aldrich) and Latrunculin A (gift that it interacts with actin in a two-hybrid assay. In contrast to findings from D. Drubin) treatments were performed as described previously [34, presented here, this paper shows that bud6-GFP localization is sensitive 44].
to the anti-microtubule drug thiabendazole and not to LatA. These differences may arise from the use of different anti-microtubule drugs and Microscopy different GFP fusions. Microscopy was performed using widefield or spinning disk confocal light microscopy [10], using Open Lab 2 (Improvision) software for image
Supplementary material
acquisition and analysis. In time lapse sequences for growth patterns, Supplementary movies depicting microtubule dynamics in wild-type and cells in exponential phase were grown in YE5S and placed onto 2% bud6⌬ cells, bud6-GFP dynamics in wild-type, LatA-treated and MBCagarose YE5S pads, covered with a coverslip, and imaged using either treated cells, and cell growth patterns in bud6⌬, tea1⌬, and bud6⌬tea1⌬ a DIC 100ϫ objective or a DIC 20ϫ objective at room temperature cells are available at http://images.cellpress.com/supmat/supmatin.htm. (23ЊC-25ЊC). Bud6-GFP fluorescence was very dim, photo bleached easily, and generally was not visible to the naked eye. 1-3 s exposures (bin 2, high gain) with a CCD camera were required to acquire bud6-
